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Menin is a nuclear protein encoded by a tumor suppressor gene that is mutated in humans with multiple endocrine neoplasia type 1 (MEN1).
Menin functions as a component of a histone methyltransferase complex that regulates expression of target genes including the cell cycle inhibitor
p27kip1. Here, we show that menin plays a previously unappreciated and critical role in cranial neural crest. Tissue-specific inactivation of menin in
Pax3- orWnt1-expressing neural crest cells leads to perinatal death, cleft palate and other cranial bone defects, which are associated with a decrease in
p27kip1 expression. Deletion of menin in Pax3-expressing somite precursors also produces patterning defects of rib formation. Thus, menin functions
in vivo during osteogenesis and is required for palatogenesis, skeletal rib formation and perinatal viability.
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Menin is a ubiquitously expressed nuclear tumor suppressor
protein and loss-of-function is a causal defect in multiple
endocrine neoplasia type I (MEN1), an autosomal dominant
tumor syndrome characterized by endocrine neoplasia, particu-
larly of anterior pituitary, parathyroid and enteropancreatic
neuroendocrine tissue (Chandrasekharappa et al., 1997; Chan-
drasekharappa and Teh, 2003; Marx, 2005). Heterozygous
menin deletion in mice results in a panel of endocrine tumors
similar to MEN1 tumors in humans (Bertolino et al., 2003b, c;
Crabtree et al., 2001). Tissue-specific removal of menin in
pituitary, parathyroid or pancreatic islets results in MEN1-like
neoplasms in the respective tissue (Bertolino et al., 2003a;
Biondi et al., 2004; Crabtree et al., 2003). On the other hand,
despite widespread expression, menin is not required in all cells
since menin deletion from hepatic tissue is without detrimental
effect (Scacheri et al., 2004).⁎ Corresponding author. Fax: +1 215 573 2094.
E-mail address: epsteinj@mail.med.upenn.edu (J.A. Epstein).
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doi:10.1016/j.ydbio.2007.08.057Mice lacking both cell cycle inhibitors p18ink4c and p27kip1
show MEN1-like tumors and phenocopy mice with endocrine
tissue-specific menin inactivation (Franklin et al., 1998, 2000).
Germ-line mutations of p27kip1 alone appear to produce
MEN1-like phenotypes (Pellegata et al., 2006). Both p18ink4c
and p27kip1 are downstream transcriptional targets of menin
(Karnik et al., 2005; Milne et al., 2005). Menin-mediated
transcriptional activation of these cell cycle inhibitors suggests
an underlying mechanism for menin tumor suppressor
function, though additional activities have also been reported
(see below).
Menin displays biochemical activities that influence gene
expression, cellular growth and genome stability (reviewed in
Agarwal et al., 2005). Besides the cyclin-dependent kinase
inhibitors p18ink4c and p27kip1 (Karnik et al., 2005; Milne et
al., 2005), menin has transcriptional promoting activity for
certain Hox genes (Chen et al., 2006; Hughes et al., 2004),
and estrogen receptor α-directed targets (Dreijerink et al.,
2006). Menin is a necessary cofactor along with mixed lineage
leukemia (MLL) proto-oncogenes in MLL histone methyl-
transferase (HMT) complexes (Hughes et al., 2004; Yokoyama
et al., 2004, 2005). The menin–HMT complex methylates
histone H3 at lysine 4 (Hughes et al., 2004; Karnik et al.,
525K.A. Engleka et al. / Developmental Biology 311 (2007) 524–5372005). Histone H3 lysine 4 trimethylation, a modification
associated with gene activation (Santos-Rosa et al., 2002;
Schneider et al., 2004), is associated with binding by MLL
and menin to a broad range of promoters (Agarawal et al.,
2007; Guccione et al., 2006; Guenther et al., 2005; Scacheri et
al., 2006). Menin can also regulate apoptotic (Schnepp et al.,
2004b) and cell cycle (Schnepp et al., 2004a) events and
interact with a variety of proteins involved in transcription and
DNA repair (Agarwal et al., 2005).
Homozygous deletion of menin causes mid-embryonic
lethality at embryonic day (E) 11.5–E13.5 with accompanying
neural, craniofacial and heart malformations (Bertolino et al.,
2003a; Crabtree et al., 2001). The underlying developmental
defects and cellular causes of these phenotypes remain generally
unknown.We sought to determine if these phenotypes, or others,
were related to a function of menin in neural crest, a pluripotent
embryonic cell population that serves as a major cellular source
for the peripheral nervous system, much of the face and head,
and the cardiac outflow tract (Saint-Jeannet, 2006). In order to
determine the role of menin in neural crest, the cre recombinase/
loxP system was utilized to remove menin expression from
Pax3- and Wnt1-derivatives in mice, since both Pax3 and Wnt1
are expressed by pre-migratory neural crest precursors. The
resultingmice survive embryonic development but die at or soon
after birth indicating a critical role for menin in neural crest.
Materials and methods
Genotyping
Mouse genotyping was performed by PCR as described for Pax3Cre
(Engleka et al., 2005), Wnt1Cre (High et al., 2007), Pax3ProCre (Li et al., 2000),
αMyHC-Cre (Agah et al., 1997) and R26R-LacZ (High et al., 2007). Mice with
the floxed menin alleles (Crabtree et al., 2001) were identified by PCR analysis
(94 °C, 1 min; 35 cycles of 94 °C, 1 min denaturing; 60 °C, 1 min annealing;
72 °C, 1 min extension; 72 °C, 5 min final extension) using the following
primers: 5′-AAGGTACAGCAGAGGTCACAGAG-3′, 5′-GACAGGATTGG-
GAATTCTCTTTT-3′. Mice containing the floxed menin allele were kindly
provided byDr. Francis Collins (National Institute for HumanGenomeResearch)
(Crabtree et al., 2003). Mice harboring the αMyHC-Cre transgene were
generously provided by Michael D. Schneider (Baylor College of Medicine).
R26R-LacZ mice were obtained from Jackson Laboratories, Inc. All mice were
maintained on mixed genetic backgrounds. The institutional animal care and use
committee of the University of Pennsylvania approved all animal protocols.
Histology
Embryos or tissues were fixed in 2% paraformaldehyde and processed for
paraffin sections. Detailed histology protocols are available at http://www.med.
upenn.edu/mcrc/histology_core.
Immunohistochemistry and immunoblotting
Antibodies used included mouse monoclonal anti-Pax3, anti-neurofilament
(2H3), anti-myosin heavy chain (MF20) (Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, IA, USA), anti-actin (clone C4) and
anti-tyrosine hydroxylase (Chemicon International, Inc., Temecula, CA,
USA), anti-menin (BL-342, Bethyl Laboratories, Inc., Montgomery, TX,
USA), anti-chromograninA (Immunostar, Inc., Hudson, WI, USA), anti-
PGP9.5 (clone 10A1, Research Diagnostics, Inc. Concord, MA, USA), anti-
p27kip1 (BD Biosciences, San Jose, CA, USA), anti-His3K4me1 (Upstate
USA, Inc., Charlottesville, VA, USA), His3K4me2 (Abcam, Inc. Cambridge,MA, USA), His3K4me3 (Abcam and Upstate), anti-cdk4 and anti-Runx2
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-GFP (Molecular
Probes/Invitrogen Corp., Carlsbad, CA, USA), and anti-phospho-histone H3
serine 10 (Cell Signaling Technology, Inc., Danvers, MA, USA). A protocol
for Masson's Trichrome staining is available at http://www.med.upenn.edu/
mcrc/histology_core/Masson.shtml. For immunoblotting analyses whole cell
and tissue lysates were made by heating in boiling Laemli buffer (66 mM Tris–
HCl, pH 6.8, 2% (w/v) SDS, 10 mM EDTA). SDS-PAGE and immunoblotting
were performed followed by chemiluminescence for detection of immuno-
reactive bands. To quantify cell nuclei in tissue sections for proliferation rate
measurements, tissue sections were stained with phosphohistone H3 antibody
and counterstained with hematoxylin. For each genotype identical-sized areas
from 12 palatal shelves in adjacent sections from E14.5 embryos were imaged
and then visualized using Adobe Illustrator software. Phosphohistone H3 nuclei
were counted from the images. Total nuclei were marked and quantified using
ImageJ software (U. S. National Institutes of Health, Bethesda, Maryland, USA,
http://rsb.info.nih.gov/ij/, 1997–2006). To quantify palatal cellular and extra-
cellular components, tissue sections were visualized with Masson's Trichrome
stain, imaged, and cellular and extracellular material distinguished using ImageJ
software. Statistical significance was determined by a 2-tailed Student's t test.
Skeletal staining
Newborn mice were euthanized by CO2 asphyxiation, skinned and internal
organs removed. The carcasses were fixed in 90% EtOH for 7 days then
0.1 mg/ml Alcian Blue 8GX in 20% (v/v) glacial acetic acid/80% (v/v) EtOH for
7 days. After re-hydration, samples were placed in fresh 1% (w/v) KOH for 24 h.
After the samples became translucent, they were placed in 0.2 (w/v) mg/ml
Alizarin Red S in freshly prepared 1% KOH for 2–3 days. The stained skeletons
where further cleared in fresh 1% (w/v) KOH and then sequentially dehydrated in
glycerol for imaging and storage.
Primary cell cultures
Heads were removed from E14.5 embryos at the level of the mouth and
inverted to reveal the paired palatal shelves. The palatal shelves were dissected
from the embryo into cold PBS with 2% Fungizone (Invitrogen) in sterile tubes.
The PBS was replaced with 750 μl of 0.25% trypsin (Invitrogen) and incubated
for 15 min at 4 °C followed by 5 min at 37 °C with rotation. Palates were then
completely dissociated by vigorous pipetting. Trypsinization was stopped by
addition of 80 μl FBS and the cells were seeded in a 35-mm culture dish for each
embryo. Cells were grown in α-MEM (Invitrogen), 10% (v/v) fetal bovine
serum, 1% Fungizone and antibiotic for 2–3 days until nearly confluent and then
expanded into a 10-cm dish.Results
Neural crest-specific deletion of menin
Mice heterozygous for Pax3Cre knockin and floxed menin
alleles (Pax3cre/+; meninloxP/+) were healthy, fertile and without
endocrine hyperplasia or tumor formation as detected by histo-
logical analysis. Therefore, we examined embryos that were
heterozygous for Pax3Cre and homozygous for floxed menin
alleles (Pax3cre/+; meninloxP/loxP) to ensure that Cre from the
Pax3 locus effectively removed menin from Pax3-expressing
cells and to determine the results of loss of menin in neural crest.
Embryos harvested at E11.5 displayed closed neural tubes with
normal-sized dorsal root ganglia (Figs. 1A–I), two structures
adversely affected in Pax3-null mice. Menin was specifically
deleted in the dorsal portion of the neural tube in Pax3cre/+;
meninloxP/loxP embryos and in the adjacent dorsal root ganglia,
correlating with the expression domains of Pax3 at this stage.
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neurofilament and Pax3 protein were detectable and similar to
wild-type (Figs. 1A–I). Pax3-derived neural crest provides cells
that populate the pharyngeal arches. Arch formation appeared
normal in E10.5 embryos (Figs. 1J–M), with Pax3-positive cells
present within the arches, neural tube and dorsal root ganglia
despite the absence of menin staining (Figs. 1K, L).
Menin staining was also diminished specifically within the
adrenal medulla and the stroma of the kidney in Pax3cre/+;
meninloxP/loxP newborn pups, two other tissues that receive con-
tributions from Pax3 progenitors (Figs. 1N–Q). Despite deletion
of menin in adrenomedullary cells, neuroendocrine markers
chromogranin A and tyrosine hydroxylase and the neural marker
PGP9.5 were expressed at levels similar to controls (K.A.
Engleka, unpublished). Menin protein was also diminished in
total cell lysates of facial tissues from Pax3cre/+; meninloxP/loxP
E13.5 embryos relative to controls as measured by immunoblot-
ting (Fig. 1R). Menin immunostaining was detectable in the
dorsal root ganglia and dorsal neural tube of Pax3cre/cre E12.5
embryos despite the absence of Pax3 (Figs. 1S, T). Thus, Pax3
expression was unaffected by loss of menin in neural crest,
and menin was expressed normally in the Pax3-null mutants.
Fate mapping of neural crest using R26R-LacZ reporter mice
(Mao et al., 1999; Soriano, 1999) revealed normal patterning of
neural crest derivatives in the cardiac outflow tract and
gastrointestinal regions (Supp. Fig. 1). Immunohistochemical
analysis of markers for smooth muscle tissue (smooth muscle α
actin), neuroendocrine and neural markers (chromogranin A,
tyrosine hydroxylase, neurofilament) in cardiac, cardiac outflow
tract and intestinal tissue all were similar to controls in these
Pax3 derivatives (K.A. Engleka, unpublished). The newborn
hearts in control and Pax3cre/+; meninloxP/loxP newborns were
normally septated, a process that requires neural crest (Stoller
and Epstein, 2005). Enteric ganglia were evident along the entire
extent of the gastrointestinal tract, and some intestinal cryps
expressed lacZ in both control and mutant samples, consistent
with our previous reports (Engleka et al., 2005).
Perinatal lethality and cleft palate caused by loss of menin in
neural crest
Pax3cre/+; meninloxP/loxP mice were recovered at both E14.5
and at birth at predicted genetic frequencies (Table 1), indicating
these mutant mice could survive embryogenesis. However, all
Pax3cre/+; meninloxP/loxP pups died at birth or during the first
post-natal day (Table 1). Some failed to initiate effective
respirations (as evidenced by cyanosis, gasping and un- or
under-inflated lungs) and others had air in the gastrointestinalFig. 1. Menin deletion in Pax3 expressing cells and derivatives. (A–C) Pax3+/+; men
embryos immunostained for menin (A, D, G), neurofilament (B, E, H) and Pax3 (C
(arrow) and dorsal root ganglia (arrowhead). (J–L) Pax3cre/+; meninloxP/loxP E10.5 em
menin antibody (brown). Pharyngeal arches 1 to 3 are numbered and the neural tube is
not the epithelium (small arrow). (M) Pax3+/+; meninloxP/loxP E10.5 embryo stainedwit
meninloxP/loxP (N, P) or Pax3cre/+; meninloxP/loxP (O, Q) newborn pups showing decrea
SDS-PAGE analysis comparing menin protein levels in total cell lysates of facial tiss
and 4) two different Pax3cre/+; meninloxP/loxP E13.5 embryos. (S, T) Section through
embryo stainedwithmenin or Pax3 (inset). The dorsal neural tube (arrow) and dorsal rotract and lacked milk in the stomach (Fig. 2A). Many displayed a
shortened, dysmorphic snout (Figs. 2B, C) which, in association
with gastrointestinal bloating, led us to examine the oral cavity
and palate (Qiu et al., 1995). Some Pax3cre/+; meninloxP/loxP
newborns displayed a bilateral cleft of the secondary palate
(Table 1, Figs. 2D–R) of variable severity. Cleft jaw and lip were
never observed.
Cleft palate is a lethal condition in the mouse interfering with
breathing and nursing. Murine palate formation (Chai and
Maxson, 2006; Gritli-Linde, 2007) occurs between days E11.5
and E15.5 and involves an outgrowth of two palatal shelves
consisting of neural crest-derived mesenchymal cells sur-
rounded by epithelial cells. The two shelves develop vertically
downward adjacent to the sides of the embryonic tongue by day
E13.5 (Fig. 2K) and abruptly elevate, grow and fuse over the
tongue at the facial midline by day E14.5 (Fig. 2M). Although
palatal shelves in mutant samples were always normally
developed and positioned at E13.5 (Fig. 2L) and lifted and
apposed at day E14.5, palatal shelf contact or fusion was often
not observed in Pax3cre/+; meninloxP/loxP embryos even when
fusion had occurred in control littermates (Fig. 2N). Thereafter,
the mutant palatal shelves were further separated from each
other, resulting in bilateral cleft of the secondary palate at birth
(Figs. 2F, J). A fraction (3/11) of Pax3cre/+; meninloxP/loxP
newborns with seemingly normal palates after gross examina-
tion displayed shortened soft palates that did not extend to the
epiglottis upon histological examination (Figs. 2O–R).
Skeletal staining with Alizarin Red and Alcian Blue, which
are specific for bone and cartilage, respectively, revealed
deficient ossified palatal bone in Pax3cre/+; meninloxP/loxP
animals (Fig. 3). The basisphenoid bone, which provides
skeletal support at the base of the brain and integrates with the
palatal bone, was also consistently malformed in Pax3cre/+;
meninloxP/loxP newborns, especially in the length and broadness
of the associated pterygoid processes. This abnormality was
present in Pax3cre/+; meninloxP/loxP animals with and without
cleft palate (Figs. 3A–D). At day E16.5, there was severe
developmental delay in or absence of the formation of ossified
palatal shelves in Pax3cre/+; meninloxP/loxP embryos and pattern-
ing differences in the basisphenoid bone (Figs. 3E–J).
Pax3cre/+; meninloxP/loxP mice also displayed rib fusions
and sternum abnormalities (Table 1, Fig. 4). Rib malforma-
tions occurred in newborns with and without cleft palate. The
rib defects included fusions and bifurcations in the distal
regions of the ribs unilaterally or bilaterally. Although the
defects involved different ribs among the mutants, the animals
always contained the normal 13 ribs with the seven rostral
attached and six caudal unattached to the sternum. The ribinloxP/loxP, (D–F) Pax3cre/+; meninloxP/+ and (G–I) Pax3cre/+; meninloxP/loxP E11.5
, F, I). Menin protein expression is specifically deleted in the dorsal neural tube
bryos stained with (J) hematoxylin and eosin, (K) Pax3 antibody (green) or (L)
marked by a large arrow.Menin is absent in the pharyngeal arch mesenchyme but
h anti-menin antibody. (N–Q)Adrenal (N, O) and renal (P, Q) tissue fromPax3+/+;
sed menin staining in adrenal medulla (O) and renal interstitium (Q) (arrows). (R)
ue from (lane 1) Pax3+/+; meninloxP/loxP, (lane 2) Pax3cre/+; meninloxP/+, (lanes 3
neural tube from Pax3+/+; meninloxP/loxP (S) or Pax3cre/cre; menin+/+ (T) E12.5
ot ganglia (arrowhead) showmenin staining independent of the presence of Pax3.
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Table 1
Genotypes of offspring from Cre; meninloxP/+×meninloxp/loxP crosses
Driver Age Total Genotype a
loxP/+ loxP/+ loxP/loxP loxP/loxP
+/+ cre/+ +/+ cre/+
Pax3Cre E14.5 161 37 36 48 40
P0 374 94 97 99 84 b
NP0 118 46 36 36 0
Pax3ProCre P0 166 47 46 37 36 c
NP0 57 13 18 26 0
Wnt1Cre P0 56 15 14 d 11 16 e
NP0 82 31 31 20 0
αMyHC-Cre NP0 58 14 14 19 11
a Mendelian frequencies predict equal numbers of animals for each genotype
at any given time.
b 58 dead at birth, 10 had gross cleft palate and 14 had rib/sternum defects.
c 14 dead, 2 with gross cleft palate.
d 1 had gross cleft palate.
e All had gross cleft palate and normal ribs/sternum.
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the sternum, perhaps a result of the incorrect rib attachment
(Fig. 4). Vertebral and appendicular skeleton, including digit
patterning, and rib attachment to vertebrae were normal. Rib
anomalies were apparent in E13.5 mutant embryos, when
cartilaginous rib primordia have formed but ossification has
not begun (Fig. 4), indicating that menin deletion affected the
outgrowth of the cartilaginous rib primordia. The rib
abnormalities in E17.5 Pax3cre/+; meninloxP/loxP embryos
were less severe than the skeletal rib defects observed in
Pax3cre/cre E17.5 embryos (Fig. 4E).
Pax3ProCre and Wnt1Cre mediated deletion of menin
produces cleft palate
The use of Pax3cre/+ in these experiments generates a
haploinsufficient Pax3 genetic background since cre recombi-
nase interrupts Pax3 expression from one allele. Therefore, we
performed additional genetic crosses to delete menin in neural
crest without simultaneously affecting Pax3 expression. First, a
transgenic mouse strain with a partial Pax3 promoter driving cre
was utilized to produce recombination in Pax3-expressing neural
crest cells without interfering with endogenous Pax3 expression
(Li et al., 2000). Resulting Pax3Pro-CreTg/+, menin-deficient
mice exhibited cleft palate and perinatal lethality (Table 1 and
Supp. Fig. 2), although the incidence of palatal abnormalities
was decreased in Pax3ProCreTg/+; meninloxP/loxP relative to
Pax3cre/+; meninloxP/loxP newborns (Table 1), probably because
of weak cre expression in cranial regions of Pax3ProCre trans-
genic mice (Li et al., 2000). The Pax3ProCreTg/+; meninloxP/loxP
mice also displayed rib abnormalities that were similar to those
in Pax3cre/+; meninloxP/loxP mutants (Supp. Fig. 2).
In addition, mice expressing the Wnt1Cre transgene (Chai et
al., 2000; Danielian et al., 1998), which is expressed in
premigratory neural crest (Echelard et al., 1994), were bred to
produceWnt1CreTg/+; meninloxP/loxP progeny. All Wnt1CreTg/+;
meninloxP/loxP newborns exhibited bilateral cleft palate (Figs.
5A–H) and died by the first day after birth (Table 1). Skeletal
staining revealed the absence of ossified palatal shelves and
defective nasal bones (Figs. 5D–F). The basisphenoid and
pterygoid bones showed similar malformation as seen in
Pax3cre/+; meninloxP/loxP mice. Rib defects were not observed
(Figs. 5J–L).
Both Pax3- and Wnt1-Cre drivers effectively deleted menin
in cranial neural crest during palate formation (Figs. 6A–F and
K. A. Engleka, unpublished). Menin protein was detectable
within the mesenchymal cells of control palatal shelves atFig. 2. Cleft palate in Pax3cre/+; meninloxP/loxP mice. (A) Newborn Pax3cre/+; meninloxP/
showing the lack of milk in the stomach (white arrows) and a dysmorphic snout (black
region showing abnormal snout (arrows). (D–F) Ventral view of Pax3+/+; meninloxP
meninloxP/loxP (F) displaying a cleft palate (arrows). (G) Pax3cre/+; meninloxP/loxP;
derivatives contributing to the edges of the unfused palatal shelves (arrow). (H–J) Cor
Pax3+/+; meninloxP/loxP (H) and Pax3cre/+; meninloxP/+ (I) newborns compared to unfus
section of E13.5 Pax3+/+; meninloxP/loxP (K) and Pax3cre/+; meninloxP/loxP (L) palatal sh
(M) or unfused (N) palatal shelves (arrows) of E14.5 Pax3+/+; meninloxP/loxP (M) an
showing the normal proximity of the palate (P) with the epiglottis (ep) at the apex of t
newborns compared to an absent palate (Dp) in Pax3cre/+; meninloxP/loxP (Q) and a shE12.5 and E14.5 but was absent specifically in the
mesenchymal regions as well as tongue muscle in Pax3cre/+;
meninloxP/loxP embryos (Figs. 6A–F). Menin staining in palatal
and tongue epithelium remained strong. Within mesenchymal
tissue, Pax3 protein remained detectable in both wild type and
mutant E14.5 palatal areas even where menin protein was
absent (Figs. 6G–I). The presence of Pax3 protein in the
palatal shelves is consistent with fate-mapping experiments
(Fig. 2) that revealed normal patterning of Pax3-derived
cranial crest in the mutants. We did not detect any differences
in apoptosis, as measured by TUNEL analysis at day E14.5
(K.A. Engleka, unpublished). Failure of palatal fusion can
result from deficiencies in early palatal bone morphogenesis
and menin has been shown to regulate osteoblast commitment
and differentiation in vitro (Naito et al., 2005; Sowa et al.,
2003, 2004). However, in situ or immunohistochemical
analysis of Runx2, a transcription factor critical for osteogen-
esis, did not reveal differences in expression at E14.5 (Figs.
6J, K and K. A. Engleka, unpublished). Runx2 and other
downstream bone markers, including osterix, an osteoblast-
specific protein, and osteocalcin, appeared to express normally
at E16.5 except where absent within the missing palatal
shelves (Supp. Fig. 3).
Embryos lacking menin in all tissues exhibit cardiac defects
(Bertolino et al., 2003a). A requirement for menin in the heart
was tested by deleting menin using a myocardial-specific cre
transgene employing the α-myosin heavy chain promoter
(αMyHC-Cre) (Agah et al., 1997). Mice harboring a αMyHC-loxP (left andmiddle pups) compared to a control Pax3+/+; meninloxP/loxP littermate
arrow). (B, C) Comparison of wild-type (B) and Pax3cre/+; meninloxP/loxP (C) facial
/loxP (D) and Pax3cre/+; meninloxP/loxP (E) closed palates compared to Pax3cre/+;
R26RLacZ/+ head stained for beta-galactosidase activity (blue) revealing Pax3
onal sections through the oral region showing the fused palatal shelves of control
ed shelves (asterisk) in a mutant Pax3cre/+; meninloxP/loxP pup (J). (K, L) Coronal
elves (asterisks) flanking the tongue (t). (M, N) Coronal section comparing fused
d in Pax3cre/+; meninloxP/loxP (N) above the tongue (t). (O–R) Sagittal sections
he trachea (tr) in control Pax3+/+; meninloxP/loxP (O) and Pax3cre/+; meninloxP/+ (P)
ortened palate (asterisk) in Pax3cre/+; meninloxP/loxP newborns (R).
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Fig. 3. Craniofacial bone abnormalities related to loss of menin. (A–D) Ventral views of Alcian Blue and Alizarin Red stained newborn skulls of control (A), Pax3cre/+;
meninloxP/+ (B), Pax3cre/+; meninloxP/loxP with cleft palate (C) and Pax3cre/+; meninloxP/loxP without cleft palate (D). The palatal shelves (downward-pointing white
arrow) and nasal capsule (upward-pointing white arrow) are indicated. The black arrows indicate differences in the basisphenoid (bs) and pterygoid wings. (E–G)
Ventral views of E16.5 embryos showing the ossifying palatal shelves in control Pax3+/+; meninloxP/loxP (E) and Pax3cre/+; meninloxP/+ (F) embryos with palatal shelves
present (arrows) and a Pax3cre/+; meninloxP/loxP (G) embryo with palatal shelves absent (arrow). (H–J) Increased magnification of the samples in panels E–G showing
the palatal shelves (ps) and basisphenoid bone (bs) with abnormalities (arrows).
530 K.A. Engleka et al. / Developmental Biology 311 (2007) 524–537CreTg/+; meninloxP/loxP genotype were produced in Mendelian
ratios and were viable and fertile (K.A. Engleka, unpublished
and Table 1). The hearts appeared histologically normaldespite a reduction of menin expression specifically in
myocardium as visualized by immunohistochemistry (data
not shown).
Fig. 4. Rib abnormalities in menin-deficient newborns. Dissected rib cages stained with Alcian Blue and Alizarin Red from Pax3+/+; meninloxP/loxP (A), Pax3cre/+;
meninloxP/+ (B), and Pax3cre/+; meninloxP/loxP (C) pups showing rib and sternum abnormalities (arrow) in the mutant. (D) E13.5 Pax3cre/+; meninloxP/loxP embryo stained
with Alcian Blue revealing fusions formed at the leading rib tips (arrows) at this stage. (E) Dissected sternum and attached ribs from a Pax3cre/cre E17.5 embryo
showing the more extensive rib abnormalities typical of this Pax3-deficient mutant.
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of menin
We examined histone methylation and the expression of
cell cycle regulators that have been implicated in menin
function by preparing primary cultures of palatal mesechyme
from control and mutant E14.5 embryos. Menin protein
expression was not detectable in lysates from Pax3cre/+;
meninloxP/loxP cells (Fig. 7A). Global levels of mono-, di-, and
tri-methylated histone H3 lysine H4 (H3K4) were similar
among controls and menin-deficient cells (Fig. 7A). However,
levels of a menin transcriptional target, the cdk inhibitor
p27kip1, were markedly reduced in mutant cells (Fig. 7A).
Similar results were obtained from lysates prepared directly
from intact E15.5 palates (Fig. 7B). Previous work has shown
that cdk4 is up-regulated in pancreatic islets that are deficient
in menin and show down-regulated p27kip1 (Karnik et al.,
2005). However, cdk4 levels appeared similar among controls
and menin deficient samples from either palate cell cultures
(Fig. 7A) or intact palates (Fig. 7B).
The decrease in p27kip1 protein expression within palatal
mesenchyme suggests alterations in cellular proliferation of this
tissue might correlate with loss of menin. Careful analysis of
cellular proliferation by phosphohistone H3 immunostainingrevealed an approximate two-fold increase in proliferation rate
in Pax3cre/+; meninloxP/loxP palatal shelves (Fig. 8A). Consistent
with this, a significant increase in the total cell number in the
unfused shelves of Pax3cre/+; meninloxP/loxP mutants compared
to control was also observed (Fig. 8B). Despite the increased
number of cells in mutant embryos, the palatal shelves were
small and failed to fuse, indicating a higher cellular density.
This phenotype was associated with a significant decrease in the
extracellular component within unfused palatal shelf tips of
Pax3cre/+; meninloxP/loxP embryos as compared to wild-type
(Figs. 8C, D), which was confirmed after quantifying cellular
versus extracellular area within this region (Fig. 8E). Taken
together, these results suggest that loss of menin is associated
with more proliferative and less differentiated palatal mesench-
yme, which results in failure of palatal fusion and cleft palate.
Discussion
Our results demonstrate a previously unappreciated func-
tion for menin in cranial neural crest. Using two distinct
transgenic lines (Wnt1Cre and Pax3ProCre) and a knockin
mouse (Pax3cre/+), each of which expresses cre recombinase in
neural crest, we have deleted menin in a tissue-specific
fashion with resulting perinatal lethality and failure of palatal
Fig. 5. Cleft palate produced by deletion of menin withWnt1Cre. (A) Gross morphology of newbornWnt1CreTg/+; meninloxP/loxP (left pup) compared to a control (right
pup) littermate showing the lack of milk in the stomach of the mutant. (B, C) Ventral view of control (B) and Wnt1CreTg/+; meninloxP/loxP (C) palates showing cleft
palate in the mutant (arrows). (D–F) Coronal sections showing the fused palatal shelves (arrows) of control Wnt1Cre+/+; meninloxP/loxP (D) and Wnt1CreTg/+;
meninloxP/+ (E) newborns compared to unfused shelves (asterisk) in a mutant Wnt1CreTg/+; meninloxP/loxP pup (F). (G–I) Ventral views of Alcian Blue and Alizarin Red
stained newborn skulls of Wnt1Cre+/+; meninloxP/loxP (G), Wnt1CreTg/+; meninloxP/+ (H), Wnt1CreTg/+; meninloxP/loxP (I) newborn pups. The larger arrows indicate the
palatal shelves and the smaller arrows the nasal capsule that are missing in panel I. Arrowheads indicate the basisphenoid bone and pterygoid wings. (J–L) Dissected
rib cage from Wnt1Cre+/+; meninloxP/loxP (J), Wnt1CreTg/+; meninloxP/+ (K), and Wnt1CreTg/+; meninloxP/loxP (L) pups stained with Alcian Blue and Alizarin Red
showing no differences between controls and mutant (L).
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Fig. 6. Menin and Pax3 protein expression during palatogenesis. (A–C) Menin-stained (brown) sections of the palatal region in Pax3+/+; meninloxP/loxP (A), Pax3cre/+;
meninloxP/+ (B), Pax3cre/+; meninloxP/loxP (C) E12.5 embryos. (D–F) Menin-stained (brown) sections of the palatal region in Pax3+/+; meninloxP/loxP (D), Pax3cre/+;
meninloxP/+ (E), Pax3cre/+; meninloxP/loxP (F) E14.5 embryos. The arrowheads indicate the fusing palatal shelves. (G–I) Pax3-stained (green) sections of the palatal
region in Pax3+/+; meninloxP/loxP (G), Pax3cre/+; meninloxP/+ (H), Pax3cre/+; meninloxP/loxP (I) E14.5 embryos. The embryos utilized for the sections depicted in panels D–
F are the same as for panels G–I, respectively. (J–K) Runx2-stained (brown) sections of the palatal shelves in Pax3+/+; meninloxP/loxP (J) or Pax3cre/+; meninloxP/loxP (K)
E14.5 embryos. The palatal shelves (ps) and tongue (t) are labeled as are the fusing (arrowheads) and unfused (asterisk) palatal shelves in the menin-deficient mutants.
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Fig. 7. Altered palatal shelf p27kip1 expression. (A) Palatal shelves were dissected from E14.5 embryos, disassociated and placed in tissue culture for expansion. Total
cell lysates analyzed by SDS-PAGE and immunoblotting with the indicated antibodies are shown. (B) Palatal shelves were dissected from E15.5 embryos. The palates
were solubilized and equivalent amounts of total cell lysates were analyzed by SDS-PAGE and immunoblotting with the indicated antibodies.
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palatal mesenchyme is enhanced after menin deletion,
consistent with its known activity as a tumor suppressor gene.
Early migration and patterning of cranial neural crest is
normal in the absence of menin in this tissue. The earliest
abnormality observed during palate formation was a failure of
palatal shelf contact then fusion on day E14.5. Menin plays a
role in osteoblast lineage progression in vitro (Naito et al., 2005;
Sowa et al., 2003, 2004) which may partially account for the
defects that we observed. In addition, we found a doubling in
the rate of proliferation of palatal shelf mesenchymal cells that
lacked menin at day E14.5 and decreased expression of p27kip1.
Prior work from other labs has shown that menin can contribute
to direct regulation of p27kip1 and can associate with the
promoter/enhancer region of this gene as determined by
chromatin immunoprecipitation (Karnik et al., 2005). p27kip1-
deficient mice show overall cellular hyperplasia but not cleft
palate, though mice lacking the related cell cycle-dependent
inhibitor p57kip2 exhibit cleft palate in addition to other
abnormalities which arise from altered cellular proliferation
and subsequent differentiation (Zhang et al., 1997). Menin may
affect other targets in addition to p27kip1 within neural crest
derivatives that influence palatogenesis but that are not affected
in the p27kip1-deficient mice.
We suggest that loss of menin results in the decrease of
p27kip1 expression, mesenchymal hyperplasia and decreased
production of extracellular components, resulting in poorly
developed hypoplastic palatal shelves that display increased
cellular density and failure of palatal fusion, a process
exquisitely sensitive to perturbation by a variety of genetic
and chemical disturbances (Gritli-Linde, 2007). The presence of
Pax3-expressing neural crest cells in menin-deficient palataltissue as well as normal neural crest derivatives elsewhere in the
developing menin mutants argues against a gross neural crest
defect, although we cannot exclude any that are more subtle.
Although, the incomplete penetrance of the palatal and rib
phenotypes may be affected by genetic background in the
Pax3Cre embryos (Dixon and Dixon, 2004), or functional
redundancy of menin with other molecules, the complete
penetrance of perinatal death firmly indicates a viability
requirement for menin within neural crest.
In addition to cleft palate, other abnormalities of bone
formation were also observed. Basisphenoid abnormalities were
a consistent feature present in all the mutants examined. The
basisphenoid forms the floor of the braincase under the mid- and
hindbrain and is integrated with palatal bones. The significance
of the abnormal pterygoid wing patterning is unknown;
however, this abnormality has been reported for other knock
out mouse models including gsc (Rivera-Pérez et al., 1995),
lmo4 (Hahm et al., 2004) and sim2 (Shamblott et al., 2002).
The deficiencies induced by Pax3Cre- and Wnt1Cre-
mediated deletion of menin correspond to Pax3 and Wnt1
expression domains and derivatives. The craniofacial defects
are predominantly restricted to derivatives of the pharyngeal
arches, which are populated with Pax3- or Wnt1-expressing
neural crest cells. The rib abnormalities correlate with Pax3
expression in somites and the developing ventrolateral body
wall. Many neural crest-derived tissues showed no apparent
defects, including the cardiac outflow tract, skeletal muscle,
kidney mesenchyme, colonic epithelium and enteric ganglia.
Embryos lacking menin in all tissues exhibit cardiac
defects, which were not reproduced by deletion of menin in
neural crest. In addition, inactivation of menin in cardiac
tissue using transgenic mice in which cre is expressed from
Fig. 8. Altered cellular proliferation and reduced extracellular area. (A) Coronal sections through the developing palate of E14.5 embryos with the shown genotypes
were stained for phosphohistone H3 and positive cell nuclei were counted and compared to total cell nuclei. (B) Total cells were quantified from the palatal shelves
from coronal sections of E14.5 embryos for the genotypes as shown. (C, D) Masson's Trichrome-stained sections from Pax3+/+; meninloxP/loxP (C) or Pax3cre/+;
meninloxP/loxP (D) E14.5 embryos. (E) Coronal sections through E14.5 palatal tips with the shown genotypes were stained with Masson's Trichrome and the cellular
area represented by red stain within the epitheliumwas quantified and compared to the total tip area within the epithelium. Note the increased cellular density within the
unfused palatal shelves especially in the lateral areas adjacent to the epithelium. For panels A, B, and E mean values are shown with error bars representing standard
deviation for each sample set. The results were repeated in a second experiment.
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were viable and showed no detectable cardiac defects. This
suggests that the cardiac abnormalities observed in the
complete null may be secondary, or may be due to a
requirement for menin in myocardial cells at a time that
predates the action of αMyHC-Cre. Although menin appears
to be ubiquitously expressed, the different and previously
uncharacterized menin-related phenotypes revealed by the
Pax3Cre, Wnt1Cre and αMyHC-Cre drivers used in this
study underscore probable multiple tissue-specific roles for
menin.There were some noteworthy differences produced by
deletion of menin using Wnt1Cre when compared to Pax3Cre.
While cleft palate was common to both cases, rib defects were
present only when Pax3Cre/+ mice were used. This is probably
due to the additional expression domains of Pax3 outside of
neural crest, including the somites. Pax3 derivatives contribute
to the anterior ribs, and Pax3-deficient mice have rib defects
(Engleka et al., 2005; Henderson et al., 1999). Pax3Cre mice
also express cre in precursors of the tongue, while Wnt1Cre
mice do not. This is significant because overgrowth of the
tongue or failure of the tongue to descend has been associated
536 K.A. Engleka et al. / Developmental Biology 311 (2007) 524–537with cleft palate, though we did not observe tongue abnorm-
alities in this study, and the presence of cleft palate produced by
Wnt1Cre, where the tongue is not part of the expression
domain, makes this an unlikely cause in this case. Abnormal-
ities in snout morphology that effect palatal fusion may play a
role, however.
Although menin exists in a complex with histone methyl-
transferase activity targeted against H3K4 (Hughes et al., 2004;
Karnik et al., 2005; Yokoyama et al., 2004, 2005), and we
showed significant deletion of menin in the palatal mesench-
yme, we did not detect a corresponding decrease in total histone
methylation either in palatal mesenchyme by immunohisto-
chemistry or isolated palatal cells by immunoblotting. The
absence of an apparent reduction in H3K4 methylation under
conditions where menin protein was significantly reduced may
indicate either persistence of the H3K4 modification, that the
changes in methylation are localized to specific gene loci, or
that menin/MLL complexes do not represent the predominant
H3K4 methylation activity in these tissues.
Many genes that are expressed in cranial mesenchyme result
in craniofacial and palatal defects when expression is perturbed
(Chai and Maxson, 2006; Gritli-Linde, 2007; Martin et al.,
1995; Rivera-Pérez et al., 1995; Satokata and Maas, 1994; Sock
et al., 2004). The present study indicates that menin, a tumor
suppressor initially implicated specifically in endocrine tumor
progression, also functions in cranial neural crest cells to
regulate proliferation of cranial mesenchyme during palatogen-
esis and is necessary for perinatal life.
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